In this work, we report unusual observations of Kondo effect and coexistence of Kondo effect and ferromagnetism in Indium Tin Oxide (ITO) nanowires that were synthesized without incorporating any magnetic impurities. The temperature-dependent resistivity (ρ-T) data exhibited an upturn below 80 K and then tended to saturate below 10 K. The ρ-T and magnetoresistance data were analyzed using the n-channel Kondo model, and from the obtained values of S = 1 and n ~ 1, the nanowires were expected to be an under-screened Kondo system.
It is well known that the Kondo effect arises when spin-flip scatterings of conduction electrons by localized spins cause anomalous upturn of material resistivity below a certain temperature. [1, 2] Since the first discovery of the Kondo effect in 1930 in normal metals that contain small amounts of magnetic impurities, this effect has been observed in different materials including dilute magnetic alloys, semiconductor quantum dots, carbon nanotubes, and graphene. [1, [3] [4] [5] [6] Kondo system can exhibit interesting magnetic behaviors depending on the spin-flip scattering process. For example, in an n-channel Kondo system, the localized spin S interacts with conduction electrons through n different orbital channels, and ferromagnetism (FM) can be established if the interaction between the conduction electrons and local spins leaves under-screened localized spins with a new spin magnitude S' such that 0 < S' < S. [7] However, thus far there are only few materials that have been reported to exhibit the coexistence of under-screened Kondo scattering and ferromagnetism, and none of them are magnetically undoped metal oxide nanostructures. [8] [9] [10] Indium Tin Oxide (ITO) is a highly conductive, wide-bandgap semiconductor in which electrons are majority charge carriers. It is a widely used transparent electrode and can be found in flat panel displays, optical coatings, and solar cells. [11] In addition to its use as thin films, ITO can be easily grown into nanostructures, which makes it a good candidate material for nanoscale device applications. [12] In this work we synthesized ITO nanowires without incorporating any magnetic impurities and characterized their electrical and magnetic properties.
Unexpectedly, we observed Kondo effect in these ITO nanowires that did not contain any d-or forbital unpaired spins. There have been reports on Kondo effect observed in metal oxides, but these metal oxides usually contain d-or f-orbital unpaired spins from the doping of d-or f-block elements. [13] [14] [15] The d-or f-block elements are not necessarily magnetic, but when they possess unpaired d-or f-orbital spins that lie deep in the energy band and are localized states, such doping can lead to the Kondo effect. However, Kondo scattering in metal oxides in the absence of d-or f-orbital spin impurities is a rarely observed phenomenon in condensed matter physics, [16] and in this paper we report such an unusual observation. In addition, we further conducted magnetization measurement and observed ferromagnetic behavior of the ITO nanowires. Ferromagnetic behavior of ITO nanostructures have been reported before, [17] [18] [19] however the coexistence of Kondo effect and ferromagnetism in ITO or other types of metal oxides that do not contain magnetic impurities is again a seldom reported phenomenon. We analyzed the experimental data using the n-channel Kondo model, and found that the ferromagnetic behavior of ITO nanowires could be attributed to the under-screened local spins.
We also proposed a model to explain the formation of local spins of magnitude 1 in the ITO nanowires.
The ITO nanowires were synthesized using a Vapor-Liquid-Solid (VLS) growth process, and nanowire 4-probe testbeds were fabricated via standard e-beam lithography process (Supplemental Material [20] ). [21] [22] [23] [24] Figure 1 shows the temperature-dependent resistivity (ρ-T) measurement data of an ITO nanowire without and with the application of an external magnetic field, and Fig. 1 inset shows an SEM image of the 4-probe nanowire test structure. The resistivity of ITO can depend on Sn concentration, oxygen vacancy, defect state, surface treatment, and other factors. [24] [25] [26] The measured electrical resistivity of the ITO nanowires at 300 K was ~ 404 µΩ·cm, which was within the range of previously reported values of ITO nanowires or thin films. [24, 26] The temperature-dependent resistivity of the ITO nanowire was measured between 300 and 5 K. As shown in Fig. 1 , when the temperature was initially decreased, the resistivity of the ITO nanowire also decreased and the derivative dρ/dT > 0, exhibiting a metallic ρ-T behavior. However, when the temperature was further decreased the ITO nanowire resistivity started to increase, with a resistivity minimum occurring at T min ~ 80 K, and when the temperature reached below 10 K the resistivity tended to saturate. As can be seen in Fig. 1 , the application of an external magnetic field during ρ-T measurement lowered the ITO nanowire resistivity at temperatures below 140 K, while the resistivity minimum still occurred at ~ 80 K. The observed metallic behavior of the ITO nanowire resistivity could be explained by the Bloch-Gruneisen model, in which the temperature-dependent resistivity is the result of the interaction between conduction electrons and acoustic phonons:
where ρ 0 is the residual resistivity, α is a constant that depends on electron-phonon coupling, Debye frequency, and plasma frequency, and θ D is the Debye temperature. This equation fitted the ρ-T data between 300 and 140 K (dρ/dT > 0 region) well, as shown in Fig. 2 inset, from which ρ 0 = 370.2 µΩ·cm, α = 665 µΩ·cm, and θ D = 912 K were obtained, and these numbers were in agreement with previously reported values. [26] The neutral defects and ionized impurity centers such as doubly-charged O-vacancies and singly-charged Sn-sites in the ITO nanowires were responsible for this observed high residual resistivity, which produced strong scatterings of the conduction electrons in the material. [24, 28] Using free electron approximation, the Fermi wavelength λ F and the electron mean free path at room temperature l 300K in the ITO nanowires were estimated to be roughly 1.9 and 2.9 nm, respectively, indicating the ITO nanowires in this study were 3D system. [28, 29] In addition, the product of k F and l 300K yielded a value of ~ 9.5. It is well known that if the k F l value of a system is much larger than 1 then this system qualifies as a weekly perturbed system according to the scaling theory of localization. [30] As Fig. 1 [30] [31] [32] . The electron-electron interaction combined with electron-phonon interaction could produce an upturn in the resistivity at low temperature, however, it is insensitive to external magnetic field and thus cannot be applied to our situation. [32, 33] Since the weak localization effect is magnetic field-dependent, we analyzed the ITO low temperature ρ-T data using two models considering (a) combined effects of ρ wl (T) and ρ e-ph (T) and (b) combined effects of ρ wl (T), ρ e-e (T), and ρ e-ph (T), respectively.
The least-squares fitting results are presented in Supplemental Material, Section (4) [20] , which showed that neither model could fit the experimental data.
The observed ITO nanowire resistivity minimum and saturation behavior at low temperature could be explained by taking into account the n-channel Kondo scattering mechanism. Although the ITO nanowires exhibited a relatively high resistivity, as previous reports have shown, it is not uncommon to observe Kondo effect in high resistivity systems. [10, 34] In an n-channel Kondo system, an embedded local spin S interacts with conduction electrons through n different orbital channels, and the scattering mechanism depends mainly on three parameters: the local spin S, the number of channels n, and the Kondo and for a given spin S, the Kondo temperature T K is defined as 0 . It is worth mentioning that the resistivity saturation at low temperature, as observed in the ITO nanowires, is a signature behavior of ρ s (T) obtained by NRG calculation. Following previously published procedures [36] , the residual resistivity ρ 0 of 370.2 µΩ·cm was subtracted from the ρ-T data and the subsequent experimental data set between 5 and 140 K was fitted using the NRG Kondo model ∆ . The fitting was performed for S = 1/2, 1, and 3/2, without and with the magnetic field. As Fig. 2 shows, the best fit was obtained with S = 1 in either case and T K was estimated to be 39.8 K. The obtained T K did not match T min , however, such a mismatch has been frequently observed in NRG Kondo systems. [36, 38] To further investigate the n-channel Kondo scattering phenomenon, the magnetoresistance (MR) of the ITO nanowires was characterized at 5 K in the magnetic field range of ±10 kOe, which was applied perpendicular to the nanowire length axis. Negative MR with a magnitude of less than 1% was observed and is shown in Fig. 3(a) . Similar MR behavior was also observed when the magnetic field was applied parallel to the nanowire length axis as shown in Fig. 3(a) inset. Magnetization measurement of the ITO nanowires as a function of applied magnetic field was also performed at 10 K and the result is presented in Fig. 3(b) , where the magnetization curve clearly exhibited ferromagnetic behavior, which was in agreement with previous reports. [17] [18] [19] Since the magnetization signal from a single nanowire was too weak to be measurable, the magnetization measurement was conducted on a film of ITO nanowires. The two MR curves shown in Fig. 3 (a) inset were isotropic, suggesting this MR was less likely to be associated with the ferromagnetic behavior that usually produces anisotropic MR because of the easy and hard axes of the magnetization vector. [39] One possible mechanism for isotropic MR with small magnitude could be the weak localization effect, which often produces negative MR due to the suppression of this effect under an external magnetic field. [40] We conducted MR data fitting using the weak localization model, and the result is presented in the Supplemental Material, Section (5) [20] . As can be seen from this analysis, the observed ITO nanowire negative MR could not be associated with the weak localization correction to the resistivity. This lack of substantial weak localization contribution in the ferromagnetic ITO nanowires could be related to the suppression of the weak localization by internal magnetic field due to the ferromagnetic exchange interaction and related internal spin dynamics. [41, 42] Kondo spin scattering, on the other hand, generally produces isotropic negative MR with small magnitude. [43, 44] Therefore, MR data analysis and modeling were carried out by considering the local spin scattering in an n-channel Kondo system. Following the NRG n- where g is the g-factor, µ B is the Bohr magneton, K B is the Boltzmann constant, k 1 is a constant, and β is a number depending only on n and S. Fittings were carried out for the scenarios of n = 2S, n < 2S, and n > 2S, using S = 1 and T K = 39.8 K as obtained from the ρ-T data analysis. The best fit was obtained for n < 2S as shown in Fig. 3(a) , and the value of the main fitting parameter n was found to be 1.12. The fitting of the MR data thus suggested that the ITO nanowire was a 1channel Kondo system, and the value of n being slightly higher than 1 could be associated with the presence of a small number of spin-½ centers along with majority spin-1 centers in the ITO nanowires.
The analysis of the ρ-T and MR data above suggested that the ITO nanowires could be a 1-channel Kondo system with majority spin S = 1 impurity centers, and the under-screened spin centers (S -n/2 > 0) could trigger the long-range ferromagnetic exchange interaction via the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interaction that was commonly observed in ferromagnetic Kondo lattices where competition between Kondo screening and RKKY interaction existed. [13] Other possible mechanisms such as percolation among bound magnetic polarons created over the under-screened spin centers could also establish the long-range ferromagnetic ordering in the material. [47] It is known that electrons are majority carriers in undoped In 2 O 3 due to the presence of oxygen vacancies and each oxygen vacancy contributes 2 conduction electrons, which can be expressed by the Kroger-Vink notation: 2 , [48] where the subscript indicates the site at which a defect is located and the superscript denotes the charge of e'}V O ** complex could produce a S = 1 spin center when the two electronic states in the complex interacted to form a spin triplet state, which is depicted in the schematic shown in Fig. 3(b These local spins were responsible for the observed Kondo scattering as well as the ferromagnetic behavior in the ITO nanowires as discussed previously.
In summary, in this study we observed Kondo effect and coexistence of Kondo effect and ferromagnetism in ITO nanowires that did not contain any magnetic impurities. The obtained ρ-T and MR data were analyzed using the n-channel Kondo model obtained from the NRG theory.
The ITO nanowires were found to be an 1- 
